Protein misfolding and aggregation is a major hallmark of neurodegenerative disorders such as Alzheimer's disease (AD), Parkinson's disease (PD) and Huntington's disease (HD). Until recently, the consensus was that each aggregation-prone protein was characteristic of each disorder [α-synuclein (α-syn)/PD, mutant huntingtin (Htt)/HD, Tau and amyloid beta peptide/AD]. However, growing evidence indicates that aggregation-prone proteins can actually co-aggregate and modify each other's behavior and toxicity, suggesting that this process may also contribute to the overlap in clinical symptoms across different diseases. Here, we show that α-syn and mutant Htt co-aggregate in vivo when co-expressed in Drosophila and produce a synergistic age-dependent increase in neurotoxicity associated to a decline in motor function and life span. Altogether, our results suggest that the co-existence of α-syn and Htt in the same neuronal cells worsens aggregation-related neuropathologies and accelerates disease progression.
Introduction
The presence of protein aggregates in the brain is a common hallmark for several neurodegenerative diseases, such as Alzheimer's disease (AD), Parkinson's disease (PD) and Huntington's disease (HD). The specific subcellular location and composition of protein aggregates are characteristics for each disorder. PD hallmarks are the formation of Lewy bodies, intracytoplasmic inclusions of misfolded proteins containing mainly α-synuclein (α-syn) and the demise of dopaminergic neurons in the substantia nigra. In AD, deposits of amyloid-beta and tau proteins in the brain lead to hippocampal degeneration, cognitive impairment and dementia. In HD, mutant huntingtin (Htt) with polyglutamine ( polyQ) repeat expansion accumulates in cytoplasmic and intranuclear aggregates leading to neurodegeneration in the striatum (1) .
Although each neurodegenerative disorder has its characteristic pathophysiology, current evidence indicates that there is also significant overlap between apparently different disorders. For example, α-syn is the protein that characteristically aggregates in PD, but it was originally discovered as a constituent of amyloid plaques in AD (2) and, later on, was found in protein aggregates in diverse pathologies of the central nervous system, such as HD, trisomy of chromosome 21, progressive supranuclear palsy and frontotemporal dementia (3) (4) (5) (6) (7) . Tau, an AD-associated protein, was detected in protein aggregates in patients with PD, sporadic dementia with Lewy bodies and multiple system atrophy, as well as in some animal models for synucleinopathies (8) (9) (10) (11) (12) (13) (14) .
This apparent convergence of the molecular and cellular phenomena is accompanied by an overlap in the symptoms. For instance, patients suffering from diseases that affect movement control and coordination, as is the case of PD and HD, may also exhibit dementia in more advanced stages of disease (15) . Conversely, patients afflicted by dementia can also show PD-or HD-like motor symptoms (16) .
There is growing evidence that co-occurrence of aggregateprone proteins may decisively influence the pathophysiology and severity of neural disorders. Tau and α-syn interact and coaggregate, and this is associated with an increase in neurotoxicity in cellular and Drosophila models (17, 18) . Htt has been recently shown to co-aggregate with proteins associated with synucleinopathies and tauopathies (19) (20) (21) (22) . Mutant Htt induces Tau hyperphosphorylation and aggregation, preventing its association to the microtubular network and producing large ring-like aggregates close to the microtubular network (19, 20) . DJ-1, which is associated with familial PD, interacts and co-aggregates with α-syn and Htt, modulating their toxicity in models of PD and HD (20, 22) .
We have previously shown that α-syn modifies the dynamics and aggregation pattern of mutant Htt in cells in culture (23) . Here, we expand those studies and report that co-existence of α-syn and mutant Htt in vivo strongly enhances PD-and HDrelated neuropathology in Drosophila melanogaster, suggesting that the interplay between the two proteins deserves further investigation in the context of HD and PD.
Results

Co-expression of mutant Htt and α-syn alters Htt aggregation pattern
Expression of normal (25Q) Htt or α-syn bimolecular fluorescence complementation (BiFC) pairs in human (H4) cells produced mostly homogeneous fluorescence, Htt being more often restricted to the cytosol and α-syn spreading both through nucleus and cytosol (Fig. 1A) . On the other hand, mutant (103Q) Htt BiFC pairs produced protein aggregates. The combination of mutant Htt/α-syn also produced aggregates, but they seemed fewer and larger than pure 103Q aggregates. This was confirmed quantitatively (Fig. 1B-D) , as the number of aggregates per cell was reduced 2-fold in mutant Htt/α-syn combinations (Fig. 1B) , and the number of cells with <10 aggregates grew at the expense of cells with >25 aggregates (Fig. 1C) . Finally, the percentage of aggregates larger than 3 µm increased in mutant Htt/α-syn combinations at the expense of aggregates smaller than 1 µm (Fig. 1D) . The proportion of cells with 10-25 aggregates and of aggregates between 1 and 3 µm remained unchanged.
Both mutant Htt and α-syn increased cell death 24 h after transfection of H4 cells with the corresponding combinations of BiFC constructs (Fig. 1E) . However, and in spite of the clear changes induced by α-syn on mutant Htt aggregation pattern, we did not observe changes at the viability level, even 72 h after transfection (data not shown). Longer experiments are extremely difficult to carry out in this experimental setup.
Htt103Q-mCherry and α-syn-EGFP co-localize and co-aggregate in dopaminergic neurons and in photoreceptors
In order to confirm our results with human cells in culture and to be able to measure neurotoxic effects of Htt/α-syn combinations during longer periods of time, we performed assays using transgenic overexpression in Drosophila. Co-expression of a mutant version of Htt containing 103 glutamines (Htt103Q-mCherry) and wild-type α-syn-EGFP in dopaminergic neurons (TH-GAL4) showed co-localization and co-aggregation of these two proteins (Fig. 2) , confirming our results in cultured human cells. In terms of subcellular location, we found that these α-syn-EGFP/Htt103Q-mCherry aggregates accumulate both in cell bodies ( Fig. 2A) and neurites (Fig. 2B ) of dopaminergic neurons. In contrast, flies co-expressing α-syn-EGFP with a wild-type version of Htt (Htt25Q-mCherry) do not show aggregates (Fig. 2C) , suggesting that only mutant Htt stimulates the deposition of α-syn in these aggregates. Flies expressing α-syn-EGFP or wild-type Htt25Q-mCherry alone did not show aggregates ( Fig. 2D and E) .
Using sGMR-GAL4 we induced the co-expression of Htt103Q-mCherry and α-syn-EGFP in eye imaginal discs of third instar larvae (Fig. 3) . We observed co-localization and co-aggregation of α-syn and mutant Htt in the cytoplasm of the photoreceptors (Fig. 3A and A′) , and also in the axonal projections of the photoreceptors in the larval brain (Fig. 3B ).
Htt103Q-mCherry and α-syn-EGFP are physically interacting Mutant Htt103Q-mCherry was co-immunoprecipitated with α-syn-EGFP, using an antibody against the green fluorescent protein (GFP) tag, further demonstrating that mutant Htt103Q-mCherry and α-syn-EGFP interact and co-aggregate in Drosophila cells (Fig. 4A) . In order to analyze the solubility status of these proteins when they are co-expressed, we performed a Triton-X solubility experiment using protein extracts from 8 days old adult heads. We found that the levels of α-syn-EGFP and Htt103Q-mCherry in the Triton insoluble fraction increased when these proteins are co-expressed, in comparison when they are expressed alone (Fig. 4B ). This result indicates that co-expression of α-syn-EGFP and Htt103Q-mCherry causes an increase in the formation of insoluble aggregates containing these two proteins.
Co-expression of Htt103Q-mCherry and α-syn-EGFP produces premature and severe degeneration in the photoreceptors Next, we expressed Htt103Q-mCherry and α-syn-EGFP in the eye using sGMR-GAL4 and analyzed the external morphology of the adult eye in 8 days old flies (Fig. 5A-D) . Expression of the GFP tag alone had no effect on eye development or viability as the eyes looked normal (Fig. 5A ). Flies expressing α-syn-EGFP alone also developed a normal eye, identical to control flies (Fig. 5B ). On the other hand, flies expressing mutant Htt103Q-mCherry, alone or in combination with α-syn-EGFP, showed striking retinal degeneration, producing a strong rough eye phenotype ( Fig. 5C and D). Co-expression of mutant Htt103Q-mCherry and α-syn-EGFP did not worsen the rough eye phenotype in comparison with Htt103Q-mCherry alone. However, co-expression of Htt103Q-mCherry and α-syn-EGFP specifically in the photoreceptors R1-R6, using Rh1-GAL4, showed a stronger and premature degeneration phenotype (Fig. 5G ) in comparison with Htt103Q-mCherry alone (Fig. 5H ). In this case, control GFP or α-syn-EGFP alone did not show any degeneration phenotype ( Fig. 5E and F) . These results indicate that co-expression of α-syn-EGFP and mutant Htt103Q-mCherry enhances neurodegeneration of the Drosophila photoreceptors in vivo. Co-expression of Htt103Q-mCherry and α-syn-EGFP in the nervous system causes severe motor dysfunction and a decrease in life span
We evaluated the motor function and life span of flies co-expressing mutant Htt103Q-mCherry and α-syn-EGFP in the central nervous system, using nSyb-GAL4 (Fig. 6) . To test motor function we used 'climbing assays', where flies of different genotypes were tapped to the bottom of the vial and allowed to climb up the walls (Fig. 6A) . We recorded the climbing time when five flies crossed a 15-cm finish line. Eight days old flies co-expressing Htt103Q-mCherry and α-syn-EGFP took, on average, four more seconds to reach the finish line than the other genotypes tested.
The motor ability of flies co-expressing Htt103Q-mCherry/α-syn-EGFP deteriorated more and faster than the other genotypes, with the difference in climbing times reaching 32 s by day 30. Flies co-expressing Htt103Q-mCherry and α-syn-EGFP also showed a dramatic decrease in life span, with 44 days of maximum survival (Fig. 6B) . Flies co-expressing Htt25Q-mCherry and α-syn-EGFP had a maximum survival of 71 days. Maximum survival of flies expressing GFP, α-syn-EGFP, Htt25Q-mCherry or Htt103Q-mCherry alone ranged from 59 to 83 days. Interestingly, neurotoxicity, motor dysfunction and fly death started around days 8-15 and their increase occurred in parallel, indicating an association between these events. These results suggest that co-expression of α-syn and mutant Htt synergistically enhances each other's toxicity, eventually accelerating the progression of the disorder.
Discussion
Here, we show that α-syn and mutant Htt, two proteins associated with PD and HD, respectively, can interact and co-aggregate in vivo. Furthermore, their co-expression produced a synergistic deterioration of neural tissue, motor function and life span in Drosophila. The effects of α-syn/Htt co-expression under the different promoters are summarized in Table 1 . While co-expression of other proteins associated with human neurodegenerative diseases has also shown deleterious effects in different models (17, 18, 23, 24) , this is the first demonstration that co-expression of α-syn and mutant Htt can enhance neurodegeneration in Drosophila.
Our results support the idea that the co-occurrence of these two different aggregation-prone proteins in neural cells can produce striking changes in the pathology, symptoms and disease progression. Moreover, our study may give some clues why some patients suffering with a specific neuropathology may Genotypes: (A) TH-GAL4, UAS-α-syn-EGFP/UAS-Htt103Q-mCherry. (B) α-Syn: sGMR-GAL4, UAS-α-syn-EGFP. Htt103Q: sGMR-GAL4, UAS-Htt103Q-mCherry. α-Syn/Htt103Q-mCherry: sGMR-GAL4, UAS-α-syn-EGFP/UAS-Htt103Q-mCherry. show, at the symptomatic level, a significant overlap between different human neurodegenerative diseases. It is possible that a HD patient containing a mutant version of the Htt gene (expansion of the trinucleotide CAG) and thereby suffering from the consequences of mutant Htt aggregation and toxicity may be also in risk of developing aggregation of α-syn and therefore being affected by some of the symptoms associated with PD. This could occur as a consequence of the propensity of mutant Htt and α-syn to interact, co-aggregate and interfere with their normal biological roles in cells. In addition, the two most affected brain regions in patients with PD and HD, the substantia nigra and striatum, respectively, are anatomically and functionally interconnected, reinforcing the interest of studying the crosstalk between these two neuropathologies. Finally, the models established in this work may constitute useful tools to screen and discover new candidate drugs against PD and HD. sGMR-GAL4, UAS-GFP, (B) sGMR-GAL4, UAS-α-syn-EGFP, (C) sGMR-GAL4, UAS-Htt103Q-mCherry, (D) sGMR-GAL4, UAS-α-syn-EGFP/UAS-Htt103Q-mCherry, (E) Rh1-GAL4, UAS-GFP, (F) Rh1-GAL4, UAS-α-syn-EGFP, (G) Rh1-GAL4, UAS-Htt103Q-mCherry and (H) Rh1-GAL4, UAS-α-syn-EGFP/UAS-Htt103Q-mCherry. Scale bars represent 50 µm (A-D) and 10 µm (E-H).
Material and Methods
Cell culture and BiFC plasmids
Maintenance of H4 human glioma cells and Htt and α-syn BiFC constructs were previously described in detail (23, 25) . Briefly, in our BiFC systems, Htt and α-syn were fused to two non-fluorescent halves of the Venus protein (Venus 1, amino acids 1-157; and Venus 2, amino acids 158-239). When the Htt and α-syn dimerize, the Venus halves get together and reconstitute a functional fluorophore. Fluorescence is therefore proportional to the Figure 6 . Co-expression of Htt103Q-mCherry and α-syn-EGFP in the nervous system causes severe motor dysfunction and a decrease in life span. (A) Flies co-expressing Htt103Q-mCherry and α-syn-EGFP under the control of nSyb-GAL4 show a strong impairment of the motor abilities compared with the rest of the genotypes tested. The Yaxis represents the time (in seconds), it took for five males to climb 15 cm (mean ± SEM). Statistically significant values, comparing each of genotypes, were calculated by doing two-way ANOVA with Bonferroni post-test. With very few exceptions, all the differences detected between the genotypes tested in this assay were statistically significant with a P < 0.001 (except the difference between the genotypes Htt25Q-mCherry and α-Syn-EGFP/Htt25Q-mCherry which is significant for a P < 0.01). The differences not statistically significant (P > 0.05) were GFP versus Htt25Q-mCherry at day 13; α-Syn-EGFP versus Htt103Q-mCherry at day 13; α-Syn-EGFP versus α-Syn-EGFP/Htt25Q-mCherry at days 24 and 30; Htt103Q-mCherry versus α-Syn-EGFP/Htt25Q-mCherry at day 8. (mean = 45), Htt25Q-mCherry (nSyb-GAL4, UAS-Htt25Q-mCherry) 74 (mean = 56), Htt103Q-mCherry (nSyb-GAL4, UAS-Htt103Q-mCherry) 59 (mean = 44), α-syn-EGFP/ Htt25Q-mCherry (nSyb-GAL4, UAS-α-syn-EGFP/UAS-Htt25Q-mCherry) 71 (mean = 50) and α-syn-EGFP/Htt103Q-mCherry (nSyb-GAL4, UAS-α-syn-EGFP/UAS-Htt103Q-mCherry) 44 (mean = 25). Statistical significance is indicated in the graph (log-rank, Mantel-Cox test).
amount of Htt/α-syn dimers and oligomers. H4 cells were transfected with the corresponding BiFC pairs and 24 h later pictures were taken on a Zeiss Axiovert 200M. A total of 150 cells from three independent experiments were analyzed. Graphs of Figure 1 show mean ± SD of three independent experiments.
Drosophila stocks
To generate UAS-α-Syn-EGFP, we fused α-syn with EGFP and cloned into pUAST using the BglII and Acc65I restriction sites. The transgenic flies were generated by BestGene, USA. We generated two different UAS-Htt-mCherry lines, one encoding a wildtype version of Htt (exon 1) with a 25 polyQ tail and the other encoding a mutant version of Htt with a 103 polyQ tail. These two constructs were cloned into pWalium10-roe and transgenic lines were generated using phiC31 integrase-mediated DNA integration (BestGene Strain #9723, attP acceptor site in 28E7).
Four different drivers were obtained from the Bloomington Stock Center (Indiana University, Bloomington, IN, USA): nSyb-GAL4 (active in the entire nervous system, under the control of the Synaptobrevin promoter), TH-GAL4 (active in dopaminergic neurons, under the control of the tyrosine hydroxylase promoter), GMR-GAL4 (active in the eye, under the control of the glass multiple reporter) and Rh1-GAL4 (active in the photoreceptors R1-R6, under the control of the rhodopsin1 promoter). Drosophila stocks were maintained at 25°C on standard cornmeal media in an incubator with a 12 h light/dark cycle.
Immunohistochemistry and microscopy
Brain preparations for confocal microscopy imaging were done as previously described (26) . Briefly, adult flies were anesthetized with CO 2 and the brains were isolated from the head cuticles and fixed in phosphate buffered saline (PBS) containing 4% paraformaldehyde. Dopaminergic neurons were stained by incubation for 48 h at 4°C with mouse anti-TH antibody (Immunostar, Hudson, WI, USA) diluted 1:50 in PBST (1× PBS + 0.3% Triton X-100) containing 5% (v/v) normal goat serum. Three 10-min washes with PBST were done before incubation with a secondary anti-mouse Cy5 (Jackson ImmunoResearch), also diluted in PBST-containing 5% (v/v) normal goat serum.
Brain samples were analyzed and images were collected using a LSM 710 Meta Zeiss confocal microscope. Images were acquired with a resolution of 1024 × 1024, with a slice thickness of 1 µm and a line-average of 4. Z-projections were generated using ImageJ and the images were processed using Adobe Photoshop.
The degenerative effects caused by co-expression of α-syn and mutant Htt were assessed in the photoreceptors of adult eyes. To analyze external eye morphology, we used a Leica Z16 APO macroscope and a Leica DFC 420C camera. To analyze photoreceptor degeneration, we performed water immersion microscopy as previously described (27) . Images were obtained using a Leica DM5500 B microscope and an Andor LucaR camera.
Immunoprecipitation, Triton-X solubility and immunoblotting analysis
Flies were transferred to 50-ml tubes, frozen in liquid nitrogen and immediately decapitated by vigorous vortexing. Isolated heads were collected to 1.5-ml tubes and maintained in dry ice. Proteins were extracted in lysis buffer supplemented with Complete Protease Inhibitor Cocktail tablets from Roche (Basel, Switzerland). Total protein was quantified using the DC Protein Assay, from Bio-Rad (CA, USA). In the immunoprecipitation experiments, α-syn-EGFP was pulled down from 1 mg of total protein extract, using GFP-Trap_A beads or blocked agarose beads (No Ab, no antibody negative control), following manufacturer's instructions (Chromotek, Munich, Germany). α-syn-EGFP pulldown and Htt103Q-mCherry co-immunoprecipitation were analyzed by immunoblotting using anti-GFP (3H9) and anti-RFP (5F8) antibodies from Chromotek, both diluted 1:1000 in PBS. Input lane corresponds to 30 µg of total protein extract and co-IP lane corresponds to one-fifth of the immunoprecipitated material.
The Triton-X solubility experiment was performed as previously described (28) . Briefly, 200 µg of total protein extract was incubated with 1% Triton X-100 on ice during 30 min. Triton soluble and insoluble proteins fractions were separated by a 60-min centrifugation step at 15 000g at 4°C. The supernatant, containing the soluble proteins fraction (Triton-X soluble), was carefully collected and the pellet, containing the insoluble proteins fraction (Triton-X insoluble), was resuspended in 40 µl of 2% sodium dodecyl sulfate Tris-HCl buffer pH 7.4 by pipetting and sonication for 10 s. For the immunoblotting analysis, equal volumes of each fraction were loaded and the presence of α-syn-EGFP and Htt103Q-mCherry in the total, soluble and insoluble fractions was detected using anti-GFP (3H9) and anti-RFP (5F8). Additionally, anti-α-tubulin (AA4.3) from Developmental Studies Hybridoma Bank (IA, USA), diluted 1:500 in PBS, was used as loading control.
Climbing assays and survival assays
Motor function was analyzed by startle-induced locomotion and negative geotaxis response assays, commonly called climbing assays, as previously described (29) . Briefly, groups of 10 males of the same age of each genotype of interest were placed into 18-cm-long vials, at room temperature for environmental acclimatization, and 30 min later they were gently tapped to the bottom of the vial (a minimum number of 30 males per genotype was tested). We recorded the climbing time when five flies crossed the 15-cm finish line. For each genotype we tested three independent groups of males and performed five trials for each time point. Results are the average climbing time ± SEM of these independent experiments.
For survival assays, flies were maintained in a humid incubator at 25°C under a 12 h light/dark cycle. Thirty adult females of the same age were placed in three vials (10 flies per vial) containing fresh food. Each 3 days the flies were transferred into vials with fresh food and the number of living flies was registered. 
